ABSTRACT Background: Glucose-dependent insulinotropic polypeptide [also known as gastric inhibitory polypeptide (GIP)] and its receptor (GIPR) may link overnutrition to obesity, insulin resistance, and type 2 diabetes. A GIPR variant rs2287019 was recently associated with obesity and glucose metabolism. Objective: We aimed to examine whether weight-loss diets that vary in fat content may modify the effect of this variant on changes in body weight, fasting glucose, and insulin resistance in the Preventing Overweight Using Novel Dietary Strategies (POUNDS LOST) trial. Design: We genotyped the GIPR rs2287019 in 737 overweight adults who were randomly assigned to 1 of 4 weight-loss diets that varied in macronutrient contents for 2 y. We assessed the percentage changes in body weight, fasting glucose, and insulin resistance (HOMA-IR) across genotypes by the low-fat and high-fat diets. Results: At 6 mo of diet intervention, the T allele of rs2287019 was associated with greater weight loss (b 6 SE: 21.05 6 0.56%; P = 0.06) and greater decreases in fasting glucose (b 6 SE: 22.33 6 0.86%; P = 0.006), fasting insulin (b 6 SE: 28.76 6 4.13%; P = 0.03), and HOMA-IR (b 6 SE: 210.52 6 4.39%; P = 0.01) in participants who were assigned to low-fat diets, whereas there was no significant genotype effect on changes in these traits in the group assigned to the high-fat diet (all P . 0.44; P-interaction = 0.08, 0.04, 0.10, and 0.07, respectively). After correction for multiple tests (significant P = 0.008), the genotype effect on changes in fasting glucose remained significant. Sensitivity analysis in white participants showed that the interactions were more evident on changes in insulin and HOMA-IR (P-interaction , 0.008). Conclusion: The T allele of GIPR rs2287019 is associated with greater improvement of glucose homeostasis in individuals who choose a low-fat, high-carbohydrate, and high-fiber diet. The POUNDS LOST trial was registered at clinicaltrials.gov as NCT00072995.
INTRODUCTION

GIP
4 is an important incretin hormone principally secreted by intestinal K-cells after a meal, especially a meal that is high in fat (1) (2) (3) (4) (5) . The ingestion of fat has stronger and more protracted effects than does the ingestion of carbohydrate or protein on GIP gene expression and GIP secretion, which leads to elevated circulating GIP (4) . GIP exerts effects through GIPR, which is expressed in various tissues including pancreatic islets, adipose tissue, and the brain. Besides its classical physiologic action on insulin secretion in response to the ingestion of glucose, GIPRmediated signaling also plays an important role in the deposition of excessive fat from diets into adipose tissues (1) (2) (3) (4) (5) . Adipocyte GIPR activation may induce lipoprotein lipase activity, fatty acid synthesis, and fatty acid incorporation into adipose tissue (6, 7) , which thereby promote fat storage. Animal studies showed that that inhibition of GIPR function might prevent high-fat diet-induced obesity and preserve glucose homeostasis (8) (9) (10) (11) (12) (13) (14) . There is growing evidence that suggests that GIPRmediated signaling directly links overnutrition to the development of obesity, insulin resistance, and type 2 diabetes (1) (2) (3) (4) (5) .
Recent genome-wide association studies identified the common genetic variant rs2287019 in the GIPR locus that is associated with obesity risk (15) , and major allele C, which increases BMI (in kg/m 2 ), was also reported to be associated with higher fasting glucose but lower 2-h glucose concentrations in a glucose challenge test (16, 17) . The direction of the genetic effect is concordant with the function of GIPR signaling (4, 5) . Given the close relation between GIPR signaling and the ingestion of dietary fat, we hypothesized that diets that vary in fat content might differentially affect the genetic effect of GIPR on body weight and related metabolic traits.
We tested this hypothesis in participants in a 2-y randomized diet-intervention trial (POUNDS LOST) (18) , in which 811 overweight participants were randomly assigned to 1 of 4 diets with different compositions of macronutrients. We investigated the effect of the newly identified GIPR variant rs2287019 on changes in body weight, fasting glucose, and insulin resistance in response to diets that varied in fat content in the intervention.
SUBJECTS AND METHODS
The POUNDS LOST trial
The POUNDS LOST trial was a 2-y randomized clinical trial that compared the effects of energy-reduced diets with different compositions of macronutrients on body weight. The study design, methods, and main results have been described in detail elsewhere (18) . Briefly, a total of 811 overweight and obese subjects (25 BMI 40) aged 30-70 y were randomly assigned to 1 of 4 diets; the target percentages of energy derived from fat, protein, and carbohydrate in the 4 diets were 20%, 15%, and 65%; 20%, 25%, and 55%; 40%, 15%, and 45%; and 40%, 25%, and 35%. Thus, 2 diets were low-fat (20%), 2 diets were high-fat (40%), 2 diets were average-protein (15%), and 2 diets were high-protein (25%) diets, which constituted a 2-by-2 factorial design. Diets consisted of similar foods and met guidelines for cardiovascular health, and carbohydrate-rich foods were used that had a lower glycemic index. Major criteria for exclusion were the presence of diabetes or unstable cardiovascular disease, the use of medications that affect body weight, and insufficient motivation. After 2 y, 80% of the participant (n = 645) completed the trial. The study was approved by the human subjects committee at the Harvard School of Public Health and Brigham and Women's Hospital and the Pennington Biomedical Research Center of the Louisiana State University System and by a data and safety monitoring board appointed by the National Heart, Lung, and Blood Institute. All participants gave written informed consent.
Participants
The current analyses were secondary analyses of a dataset obtained from the POUNDS LOST trial. A total of 737 participants with GIPR rs2287019 genotype data available were included in the current study (91% of participants in the POUNDS LOST trial). A total of 61% of participants were women, 80% of participants were white, 15% of participants were African American, 3% of participants were Hispanic, and 2% of participants were Asian or other ethnic groups by self-report. Consistent with the entire POUNDS LOST trial, the mean (6SD) age was 51 6 9 y, and the mean BMI was 32.7 6 3.9. There was no significant difference in the basic characteristics between participants with and without GIPR rs2287019 genotype data. At 6 mo, 662 participants with body-weight measurements and 632 participants with blood samples were included for the analyses. At 2 y, 601 participants with body-weight measurements and 537 participants with blood samples were included for analyses.
Measurements
Body weight and waist circumference were measured in the morning before breakfast on 2 d at baseline, 6 mo, and 2 y. Height was measured at baseline. Fasting blood samples, 24-h urine samples, and measurement of resting metabolic rate were obtained on 1 d, and blood pressure was measured on 2 d, at baseline, 6 mo, and 2 y. Concentrations of serum lipids, glucose, insulin, and urinary nitrogen were measured at the clinical laboratory at the Pennington Biomedical Research Center. Blood pressure was measured with the use of an automated device (HEM-907XL; Omron). BMI was calculated as weight in kilograms divided by height in square meters. Insulin resistance was estimated by the HOMA-IR calculated by the following equation:
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To assess the dietary adherence across the intervention, dietary intake was assessed in a random sample of 50% of participants by a review of the 5-d diet record at baseline and by 24-h recall during a telephone interview on 3 nonconsecutive days at 6 mo and 2 y. Moore's Extended Nutrient Database was used to analyze diet recalls (20) .
Genotyping
DNA was extracted from the buffy coat fraction of centrifuged blood by using the QIAmp Blood Kit (Qiagen). SNP GIPR rs2287019 was genotyped by using the OpenArray SNP Genotyping System (BioTrove). The genotype success rate was 99%. Replicate quality-control samples (10%) were included and genotyped with . 99% concordance. The selected SNP rs2287019 was correlated with the genome-wide association study (17) . There were marginal differences in the genotype distributions of the GIPR rs2287019 in ethnic groups (P = 0.10). Because the numbers of Hispanic and Asian participants were relative small, we only compared the MAF of the GIPR rs2287019 between whites and African Americans. The MAF of the GIPR rs2287019 was higher in whites (MAF: 0.168) than in African Americans (MAF: 0.113), which was comparable with the HapMap CEU (MAF: 0.173) and YRI (MAF: 0.107) database. The allele frequency in all participants or in whites was in HardyWeinberg equilibrium (P . 0.53).
Statistical analysis
Primary endpoints for this study were percentage changes in body weight, fasting glucose, fasting insulin, and insulin resistance (estimated by HOMA-IR) from baseline to 6 mo of intervention. Changes in these traits at 2 y were secondary endpoints because most participants regained body weight, and the adherence to diets declined between 6 mo and 2 y in the POUNDS LOST trial (18, 21) . Because GIP secretion is sensitive to dietary fat ingestion (1, 4, 5), we compared low-fat (20%) compared with high-fat (40%) diets in the primary analysis and compared average-protein (15%) with high-protein (25%) diets in the secondary analysis. General linear models for continuous variables and the chi-square test for categorical variables were applied for the comparison according to genotype groups at baseline. We compared changes in endpoints, biomarkers of adherence, and nutrient intakes across genotype groups according to diets groups at 6 mo and 2 y by using general linear models. To test gene-diet-intervention interactions, we examined genotype, diet intervention, and interaction of genotype by diet intervention as independent predictors of changes in endpoints adjusted for age, sex and ethnicity in the general linear models. We used additive inheritance models (GIPR CC, CT, and TT genotype groups were coded as 0, 1, and 2 in continuous form) in the analyses. Because HOMA-IR was calculated on the basis of glucose and insulin, and the endpoints at 6 mo and 2 y were correlated, we did not treat them as independent variables. Stratified analyses by 2 diet groups were followed by interaction tests. We used Bonferroni adjustment to adjust P values for 6 tests [3 dependently measured traits (body weight, glucose, and insulin) · 2 stratified analyses] at each time point. Because the majority of the participants were white (80%), similar analyses were repeated in white participants. All reported P values were nominal and 2-side, and P = 0.05 was considered statistical significant. We used Quanto 1.2.4 software (http://hydra.usc. edu/gxe; University of Southern California) to estimate the detectable interaction effects of genotype by diet intervention under an additive inheritance model. The study had 80% power to detect the gene-diet-intervention interaction by accounting for a 2.2% change for weight loss, 3.2% change in fasting glucose, 16.7% changes in fasting glucose, and 18.4% change in HOMA-IR at 6 mo at a significance level of 0.05. Statistical analyses were performed with SAS software (version 9.1; SAS Institute Inc). There were no significant differences in mean values or changes in nutrient intakes and biomarkers of adherence at 6 mo or 2 y across the GIPR rs2287019 genotype in each of the 2 diet groups (general linear models).
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Change from baseline was the actual change in cases of nutrient intake per day and the percentage change in cases of biomarkers of adherence. Data were included for 107 (CC), 50 (CT), and 4 (TT) participants at 6 mo and 51 (CC), 26 (CT), and 3 (TT) participants at 2 y.
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Data were included for 173 (CC), 88 (CT), and 7 (TT) participants at 6 mo and 122 (CC), 61 (CT), and 6 (TT) participants at 2 y.
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Data were included for 194 (CC), 92 (CT), and 9 (TT) participants at 6 mo and 149 (CC), 72 (CT), and 6 (TT) participants at 2 y.
RESULTS
Baseline characteristics of participants according to the GIPR rs2287019 genotype are shown in Table 1 . Genotype frequencies were similar between men and women, in ethnic groups, and across diet groups, and no differences in baseline characteristics across the genotype were observed (all P 0.10).
Reported dietary intakes (total energy, fat, protein, and carbohydrate) and changes in biomarkers of adherence (urinary nitrogen and respiratory quotient) confirmed that participants modified their intakes of macronutrients in the direction of the intervention, but the targets were not fully achieved. These results were consistent with the entire POUNDS LOST trial (18) . Reported fat intakes in low-fat and high-fat diet groups were both 37% at baseline; 26% and 34% at 6 mo; and 28% and 34% at 2 y. There were no significant differences in mean values or changes of nutrient intakes and biomarkers of adherence at 6 mo or 2 y across the GIPR rs2287019 genotype in each of the 2 diet groups (all P . 0.05) ( Table 2) .
Means (6SDs) of body weight, fasting glucose, fasting insulin, and HOMA-IR across the GIPR rs2287019 genotype by the low-fat and high-fat diet groups at baseline, 6 mo, and 2 y are shown in Table 3 . At 6 mo, the T allele of rs2287019 was marginally associated with greater weight loss [effect size (b 6 SE): 21.05 6 0.56%; P = 0.06] in participants who were assigned to low-fat diets (20% of calories), whereas no significant genotype effect on changes in weight loss was observed in subjects assigned to high-fat diets (40% of calories) (b 6 SE: 0.34 6 0.59%; P = 0.57) after adjustment for age, sex, and ethnicity ( Figure 1A ). There was a marginally significant interaction between GIPR rs2287019 variant and diet intervention on weight loss (P-interaction = 0.08). Sensitivity analysis in white participants showed similar trends for interaction, but results did not reach statistical significance ( Figure 1B ).
In the low-fat diet groups, the T allele of rs2287019 was associated with greater decreases in fasting glucose (b 6 SE: 22.33 6 0.86%; P = 0.006), fasting insulin (b 6 SE: 28.76 6 4.13%; P = 0.03), and HOMA-IR (b 6 SE: 210.52 6 4.39%; P = 0.01) (Figure 2 , A, C, and E). In the high-fat diet groups, there was no significant genotype effect on changes in these traits (all P . 0.44). There was a significant interaction between GIPR rs2287019 and diet intervention on changes in fasting glucose (P-interaction = 0.04) and marginal interactions on changes in insulin and HOMA-IR (P-interaction = 0.10 and 0.07, respectively). After adjustment for multiple tests [significant P = 0.008 [(0.05 4 6)], the genotype effect on changes in fasting glucose in low-fat diet groups remained significant. To test whether the observed effects were mediated by weight loss, we further adjusted for weight loss in the analysis models. Genotype effects on changes in fasting glucose, insulin, and HOMA-IR were attenuated (P = 0.02, 0.18, and 0.08, respectively) in the low-fat diet groups. The analysis in white participants showed more significant genotype-diet-intervention interactions on changes in fasting glucose, insulin, and HOMA-IR (P-interaction = 0.02, 0.007, and 0.004, respectively) ( Figure 2, B, D, and F) . Interactions on changes in insulin and HOMA-IR remained significant after adjustment for multiple tests [significant P = 0.008 [(0.05 4 6)].
At 2 y, most participants regained body weight (18) , and there was no significant interaction or genotype effect on weight loss (see Figure S1 under "Supplemental data" in the online issue). For changes in fasting glucose, insulin and HOMA-IR, the results were also attenuated to nonsignificance, but with similar trends at 6 mo (see Figure S2 under "Supplemental data" in the online issue).
In secondary analyses, we did not find any genotype effects on changes in body weight, fasting glucose, and related traits in the average-protein diet or high-protein diet groups at 6 mo or 2 y (all P . 0.17). There was no significant interaction between GIPR genotype and diets (all P-interaction . 0.35).
DISCUSSION
In this 2 y weight-loss trial, we examined the genotype effects of the GIPR variant rs2287019 on weight loss and changes in fasting glucose and insulin resistance in response to diet interventions. We showed interactions between the GIPR variant and diets that varied in fat on weight loss and changes in fasting glucose, insulin, and HOMA-IR at 6 mo of follow-up. Our data indicated that the T allele of GIPR rs2287019 was associated with greater improvement of glucose and insulin resistance in individuals who consumed a low-fat diet. The GIPR variant rs2287019 was not significantly related to baseline BMI and glucose concentrations in our study. This result may have been partly due to the overweight and obese nature of the study samples that was different from that of populations from which the variant was originally identified (15) . We observed parallel genotype effects on weight loss and improvement of fasting glucose, fasting insulin, and HOMA-IR in the low-fat groups at 6 mo. The genotype-associated improvements of fasting glucose, fasting insulin, and HOMA-IR in low-fat diet groups were attenuated after adjustment for weight loss, which suggested that the genetic effects might have been partly mediated through changes in body weight. These findings support the pathophysiologic roles of GIPR-mediated signaling in obesity and insulin resistance (1) (2) (3) (4) (5) .
There was no significant interaction between the GIPR variant rs2287019 and protein intakes in our study. This result was in agreement with the findings from previous studies that GIP secretion is largely regulated by the ingestion of fat and carbohydrate rather than by the ingestion of protein (4, 22, 23) . In our study, the low-fat diets actually had high carbohydrate contents; therefore, it is difficult to distinguish the effects of dietary fat and carbohydrate. However, it has been suggested that fatty acids have stronger and more protracted actions than do sugars in the stimulation of GIP secretion (4, 24) . In addition, carbohydrate-rich foods with low glycemic index were used in this intervention. The low-fat diets had higher fiber contents than did the high-fat diets. The consumption of low glycemic index foods and dietary fibers has been shown to lower GIP secretion (25) . Taken together, we posit that dietary fat and/or fibers may be responsible for the observed interactions with the GIPR genotype. Because inhibition of GIPR-mediated signaling may prevent obesity, lower blood glucose and insulin, and improve insulin sensitivity (8) (9) (10) (11) (12) (13) (14) , we speculate that the T allele (BMIand fasting glucose-decreasing allele) of the GIPR variant rs2287019 is more likely to be associated with impaired GIPR signaling, although the functionality of this variant has not been clarified. In the current study, the T allele of GIPR rs2287019 was associated with greater decreases in body weight, fasting glucose and insulin, and HOMA-IR in participants in the low-fat diet groups. These observations may reflect the additive favorable effects of decreased GIP secretion by consumption of lowfat diets and the impaired GIPR function associated with GIPR genetic variation. Nevertheless, the underlying mechanisms responsible for the interactions between GIPR genetic variation and dietary interventions remain to be further clarified.
It was not surprising that the results were largely attenuated at 2 y because of the diminished adherence that occurred between 6 mo and 2 y in the POUNDS LOST study (18, 21) . Substantially diminished adherence after the first few months is typical in weight-loss trails (26) (27) (28) (29) . Reduced statistical power might be another reason for the attenuated results because a relatively large number of participants did not have measurements of body weight (n = 136) or blood sample (n = 200) at 2 y for the current analysis. In sensitivity analyses, we showed similar results in white participants. The observed genotype effects and gene-diet interactions on changes in fasting glucose and related traits in white participants were even more evident than those observed in all participants. However, we did not perform a separate analysis in other ethnic groups because of the relative small numbers of minority participants.
To the best of our knowledge, this was the first study to investigate interactions between GIPR genetic variation and dietary fat on weight-loss and improvement of glucose homeostasis and insulin resistance in a large and long-term randomized trial. Previous evidence has suggested the potential therapeutic application of GIPR antagonism [(proline 3 ) GIP] in the treatment of obesity and type 2 diabetes (1, 4, 5). Our findings suggest a new insight in the use of GIPR genetic variation in improving personalized dietary interventions of these disorders.
Several limitations of our study also need consideration. The euglycemic glucose clamp technique and 2-h glucose tolerance FIGURE 1. Genotype effect of GIPR rs2287019 on mean (6 SE) percent weight loss by low-fat and high-fat diet groups at 6 mo. A: Data were included for all participants [230 (CC), 88 (CT), and 14 (TT) participants in low-fat diet groups and 223 (CC), 97 (CT), and 10 (TT) participants in high-fat diet groups]. B: Data were included for white participants (182 (CC), 76 (CT), and 11 (TT) participants in low-fat diet groups and 179 (CC), 85 (CT), and 8 (TT) participants in high-fat diet groups]. Data were calculated by using general linear models after adjustment for age, sex, and ethnicity (if appropriate). test were not performed because it was difficult to be applied in this large population-based trial. This study may have been underpowered in the detection of modest interactions and genotype effects, especially at 2 y. Although some of our results remained significant after adjustment for multiple tests, replication of these results is needed in future. In addition, most of the participants were white (80%) in our study, and it remains to be determined whether our findings can be generalized in other ethnic groups.
In conclusion, our data indicate weight-loss diets that vary in fat content may modify the genetic effect of the GIPR variant rs2287019 on changes in body weight, fasting glucose, fasting insulin, and HOMA-IR. The T allele of the GIPR rs2287019 was associated with greater improvement of glucose homeostasis in individuals in response to a low-fat, high-carbohydrate, and high-fiber diet. These findings may provide novel information to the development of an effective diet intervention in the prevention and treatment of obesity and related disorders.
